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This thesis presents the first use of the wide angle seismic
reflection technique to determine crustal thickness in north-central
Alabama. Records of quarry blasts recorded on an array of seismometers
were used to determine travel times of reflected P waves from the
Mohorovicic discontinuity (the boundary between the crust and the
mantle) in the distance range 100 to 150 km.
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The velocity calculated from the slope of a T versus X plot was
6.226 +_ 0.362 km/sec is considered to be more reliable than the depth of
34.9875 _+ 8.8810 km calculated from the intercept. These results are
consistent with recent refraction results from this area and indicate a
crust of intermediate composition.
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CHAPTER I
INTRODUCTION
The goal of this study is to find the thickness and average
velocity of the earth's crust in a region marking the southwestern
extent of the Appalachian mountain chain (Fig. 1). The thickness will
be estimated from second arrivals of seismic energy generated from
quarry blasts in the area. These second arrivals represent reflections
from the Mohorovicic discontinuity (Moho) which defines the base of the
crust.
Starting from the Alabama-Georgia-Tennessee tri-state junction
and spreading southwestwards to the midwestern border of Alabama, the
area under investigation forms part of the Valley and Ridge Geomorphic
Province of the Southern Appalachians. It is characterized by "flat-
topped parallel or subparallel ridges and valleys"/ ' with local eleva
tions of 1000 to 2000 feet. The formation of this terrane occurred in
the Paleozoic era when the region underwent extreme compression as shown
(1 2)
by the numerous folds and thrust faults seen in the strata.v * '
Typical crustal thicknesses recorded in the Appalachians are from 33 to
45 kilometers.(3>4>5)
A network of seven stations (Fig. 2, Appendix A) monitors any
seismic activity in the region. The data for this study was taken from
14 quarry blasts set off from November 1982 to April 1984. Each blast
was recorded by a minimum of three stations and a maximum of six
\ r
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Fig. 2. Map of area studied showing network stations and towns
where blasts were located.
stations. Blast records were used in preference to natural earthquake
seismograms primarily due to the overriding abundance of such data.
Also, since the locations of the quarries and the depth of the events
(zero depth) were known, more accurate origin times and travel times
could be determined.
This study adds to our knowledge of the earth's crust in the
Southern Appalachians. A detailed and verified model of the crust and
the velocities of seismic waves in the crust leads to more precise
locations of natural events and a better understanding of the geological
nature of the crust in this area. Finally, this thesis signifies the
first use of the wide angle seismic reflection technique in the area
under study.
CHAPTER II
REVIEW OF PREVIOUS WORK
1. Geology
The area being studied lies within the Southern Appalachians of
northern and central Alabama (Fig. 1). This description of the geology
of the region was taken mostly from Eardley' ' and partly from
(2)
Hatcher.v ' The greater part of the area lies in the Valley and Ridge
Province of the Southern Appalachians (Fig. 3).
The Southern Appalachians are divided into four structural and
geomorphic provinces. The structural and geomorphic provinces are
roughly coincident. From west to east they are: the Appalachian
Plateaus, the Valley and Ridge, the Blue Ridge, and the Piedmont
Provinces, and they have the form of lineations parallel to the Atlantic
coastline.
The Appalachian Plateaus Province is virtually undeformed and its
horizontal sedimentary strata forms part of the stable interior of the
continent. The Valley and Ridge Province consists of similar sediments:
limestones, sandstones, and shales with little volcanic or metamorphic
rocks. These sediments underwent intense folding and thrust-faulting
due to northwest-southeast compression along the ancient continental
margin, as the west-moving proto-African plate collided with an east-
moving proto-North American plate. The sediments of both the Plateaus
























































(Paleozoic) and were believed to have been laid down on a crystalline
basement of the Grenville orogen aged 1000 to 1100 MY old (Precambrian).
The Valley and Ridge Province is the site of the geographic
Appalachian mountains and the deformed strata thicken from west to east.
Hatcher refers to the deformation as "thin-skinned tectonics", as it did
not extend to the basement below the sediments.
The Blue Ridge Province which is significantly higher in relief
than the Great Valley (the eastern border of the Valley and Ridge) to
the west and the Piedmont to the east consists of rocks more than 500 MY
old (Cambrian to Precambrian). The rocks are metamorphic and igneous
and exhibit shear deformation brought about by the northwest-southeast
thrusting which moved the Blue Ridge westward from its original
location.
The Piedmont Crystalline Province consists of highly metamor
phosed sediments and volcanics including granites, gneisses, and
schists. It is a broad area of low relief and of Precambrian and
Paleozoic age.
The structural style of the Southern Appalachians exhibits
stronger folding as one moves southward and more intense deformation
from north to south as well as from west to east. The deformation in
the Valley and Ridge starts with simple folding into anticlines and
synclines and develops into thrust sheets which later dominate the
picture. The degree of metamorphism also increases in a southeasterly
direction, being absent in the Valley and Ridge and intense in the
Piedmont. A distinctive feature of the Blue Ridge deformation is the
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thickening seen along fold axes and thinning along the limbs of the
folds. This feature is not apparent in the anticlines and synclines of
the Valley and Ridge Province.
Eardley indicates three episodes of compression in the Valley and
Ridge: folding and erosion in front of the thrusting; the actual
thrusting of the sheets of strata over the folded and eroded terrane;
and, lastly, more folding of both the thrust sheets and the strata. The
first occurred about 500 MY ago (early Ordovician). The second took
place 400 MY ago (early Devonian); while the final phase, the
Appalachian orogeny, during which the Valley and Ridge was formed,
occurred 300 MY ago (Pennsylvanian). Similar phases of either deforma-
tional or metamorphic compression occurred in the other belts of the
Appalachians.
Hatcher interpreted these periods of compression in terms of the
theory of plate tectonics. The first phase constituted formation (by
rifting) and sedimentation of the continental margin of ancient North
America with some igneous activity. Phase two compression signified a
proto-Atlantic plate moving westward beneath a proto-North American
plate which was moving to the east. Regional metamorphism (in the Blue
Ridge and Piedmont) and igneous intrusions typical of subduction zones
accompanied phase two. The last phase was identified with the collision
and suturing of the African continent with southeastern North America.
2. Geophysics
A variety of seismic refraction studies have been carried out
in the southeastern United States. Pakiser and Zeitzv ; determined
Southern Appalachian crustal thicknesses to be 40 km and average P-wave
(A)
velocities to range from 6.2 to 6.5 km/sec. Healy and Warrenv ' pro
posed crustal thicknesses of 48 km with a P-wave velocity of 6.5 km/sec.
They used a two-layer model with top layer 10 km thick and velocity 6.1
km/sec. The lower layer had a velocity of 6.6 km/sec. (All velocities
quoted in this section are compressional wave (P) velocities unless
otherwise stated.)
Keanv ' analysed near earthquakes and quarry blasts in the
Georgia-South Carolina Piedmont out to a distance of 250 km. He pro
posed three crustal models all having a thin surface layer 2.64 km thick
with an average velocity of 5.50 km/sec. Also common to all models was
the 8.20 km/sec upper mantle velocity. Model 1 had a single main
crustal layer with a crustal thickness of 33.07 km and crustal velocity
of 6.05 km/sec. Model 2 had two crustal layers of thicknesses 17.64 km
and 25.35 km. Their corresponding velocities were 6.05 km/sec and 7.40
km/sec. Depth to the Moho was 45.63 km. Model 3 also had two layers
with an overall thickness of 35.46 km. The first layer had a velocity
of 6.05 km/sec with a thickness of 24.30 km. The second layer with a
velocity of 6.70 km/sec was 8.52 km thick.
Lee'6' studied the crust in north-central Georgia and South
Carolina by analysis of synthetic seismograms. His area was the same as
that of Kean. His source-receiver distances ranged from 50 to 300 km,
and he obtained a Moho depth of 33 km for an inhomogeneous crust.
Crustal velocities varied from 5.18 to 6.6 km/sec, with a major layer 23
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km thick having a velocity of 6.05 km/sec. The mantle velocity was
8.2 km/sec.
Lee found two more models for areas bordering his reference area.
The area to the northeast he estimated has a crust 40 km thick made up
of three layers: 6 km with velocity 5.5 km/sec to 6.0 km from top to
bottom, 10 km with velocity 6.2 km/sec, and 24 km with velocity 6.6 to
6.7 km/sec. Mantle velocity was estimated at 8.1 km/sec.
A crustal thickness of 38 km was determined for an area to the
southeast of his reference area. Again, Lee described three layers: a
6 km upper layer with a velocity of 5.9 km/sec, a 6 km second layer of
velocity 6.4 km/sec, and a 26 km layer with a velocity of 6.65 km/sec.
The upper mantle velocity was 8.2 km/sec.
Liow, Long, and Dainty' ' did a study of refraction travel times
in the Alabama area of the Southern Appalachians. Their area of study
was identical to the area of this thesis, and similar blast data were
used. They proposed two crustal models for the region based on a deter
mination of an average P crustal velocity of 6.15jfO.O2 km/sec and an
average S (shear wave) velocity of 3.55+0.01 km/sec. Both models show
an upper 4 km sedimentary layer with velocity 5.57 km/sec. The first
model was single-layered below this to 35 km depth and exhibited a
uniform velocity gradient with depth. A mantle velocity of 8.10 km/sec
was determined.
The second model showed, in addition to the layers noted above, a
layer at 20 km depth with a velocity of 6.7 km/sec. The cross-over
distance (see Theory, Chapter III) determined was 160 km.
11
Cook et^ al_.v ' did seismic reflection sampling across the
Southern Appalachians, taking in all four geologic provinces. Their
sampling penetrated to depths of 50 to 60 km corresponding to two-way
reflection times (Chapter II) of 20 sec. Their data for the Valley and
Ridge and the Blue Ridge Provinces did not show reflections from the
Moho, but nearer the coast, in the Piedmont Province, strong reflections
were recorded indicating a strong crust-mantle transition zone. These
reflections were at 10 to 11 sec two-way travel time which indicated a
crustal thickness of about 30 to 35 km, which is in agreement with Lee,
two of Kean's models, and that of Kean and Long.v '
Kean and Long used refraction methods to determine crustal thick
nesses in the southeastern United States, in the same area as Kean.
Their model of the crust was 33 km thick, consisting of a thin upper
layer 2.6 km thick with P-wave velocity of 5.5 km over a 30.4 km layer
of velocity 6.05 km/sec. They suggested the possibility of a layer at
the base of the crust 6 km thick or less of velocity 6.7 km/sec.
The literature indicates that two crustal models were proposed.
One of Kean's models, two of Lee's, and that of Healy and Warren suggest
relatively thick crusts with a thick high velocity (6.5 km/sec or
greater) layer at the base. The second model supported by Liow et a!.,
Kean and Long, and two of Kean's models proposes a thinner crust with



















Fig. 4. Crustal models proposed by the literature.
a) Kean's model 2; in agreement with two of Lee's and
that of Healy and Warren.
b) Kean's model 3; supported by Lee's model 1, that of
Kean and Long and Liow et al.
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CHAPTER III
THEORY OF REFLECTION AND REFRACTION TRAVEL TIMES
Energy from a point source is emitted as spherical wavefronts
radiating outward from the source. As these wavefronts move further
away from the source, ray theory predicts that they may be treated as
plane waves, over short distances, as the radius of curvature of the
wavefront becomes much greater than the wavelength of the radiation/ '
The radiation travelling within a medium can be either P waves or
S waves. P denotes primary waves that travel with velocities greater
than that of the S, or secondary, waves. P waves are longitudinal or
congressional (disturbance in the direction of propagation, involves
compression of material), while S waves are transverse or shear waves
(disturbance perpendicular to direction of propagation, involves only
shearing of material). The velocities of the waves depend on the
properties of the medium such as density and elasticity/ ' '
In a homogeneous, isotropic, elastic medium, the direction of P
and S wave propagation is along straight lines perpendicular to the
wavefronts. These ray paths may be reflected or refracted, according to
Snell's Law, or diffracted when they encounter sharp changes or boun
daries in their travel medium. In seismology these properties are
utilized by detecting and recording travel times of rays reflected or
refracted up to the surface of the earth.
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A blast can be modelled as a point source of P waves emitting
circular wavefronts, and the crust can be thought of as a horizontal
layer over a half-space, for the range of distances involved in this
study.
Figure 5a shows a horizontal layer of thickness Z and velocity V^
over a half-space of velocity V^. The lines labelled 1, 2, and 3
represent the ray paths of the direct, reflected, and refracted (head)
waves, respectively. All waves will be considered as P waves; these
waves travel fastest and hence will arrive first.
Equations for the travel time along each wave path are briefly
derived below:
Direct Wave:.
where x is the distance between the source and the receiver at the
surface and T^ is the travel time.
Reflected Wave:
<2> T2 * Tx •
where s is the length of each arm of the reflected ray. By the prin
ciples of reflection, the angle of incidence equals the angle of reflec




Fig. 5. a) Reflection and refraction ray paths. Direct wave path
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Fig. 5. b) Theoretical travel time curves for direct, reflected,













Fig. 5. c) Multilayer reflected P wave ray diagram for three
layers over a half space and corresponding T vs. X
plot.
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(3) S2 = Z2 + (f)2
Therefore,
2 2 x2 1/2(4) T2 . f- (z2 + f)
or, more conveniently:
vl vl
Refracted Wave (occurs only for V« > V,):
2S1 S2




(7b) S« = x - 2ztan1_ , where sinir = tp- by Snell's law.
Therefore,
2zcosi
(8) T3 = -y—£ + f-
J vl V2
Figure 5b shows a theoretical travel time graph, that is, a graph
of travel time as a function of distance. The numbered lines indicate
the direct reflection and refraction curves as mentioned earlier.
The direct wave is a straight line through the origin with slope
1/V.. The reflected wave is a hyperbola whose travel time is always
longer than that of the direct wave. The intercept of the hyperbola
19
with the time axis gives the time for a wave to travel straight down to
the reflector and back to the source (two-way reflection time). For the
2 2
reflected wave it is usual to plot T versus X , which yields a straight
2 2 2
line with slope, 1/V^ and intercept 4z /Vp from eq. (5).
Consider the case of more than one layer for the reflected wave
(Fig. 5c). There will, in principle, be reflections from deeper inter
faces. On separation of these arrivals, a hyperbola for each reflecting
boundary can be drawn. The intercepts of the hyperbolas will increase
to reflect the increased depth of the boundary and the corresponding
two-way reflection time. The slope of the hyperbola will flatten as
2 2
average velocities increase. Similarly, for the T versus X plot,
multilayer reflections will produce a series of straight lines whose
reciprocal slopes give the average velocities to the interfaces.
The formulas for the two-way reflection time (TQ) and the average
velocity (V") are:
N h. h.
(9) ToN = 2.^V7' whereV7=ti
N
} V?t.
(10) li = ^p—— , the normal ftioveout.
t.
i=l
The refracted wave is a straight line whose slope equals 1/V,,,
with a non-zero intercept from which the depth may be calculated. There
is a minimum distance at which it exists, xcrjt-jcav A* ^is point the
refracted ray path is the same as the reflected ray path, so their
travel times are equal (T2 = T3). From the critical distance and beyond
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there is a sharp increase in the amplitude of the reflected waves. From
eqs. (7) and (8),
<"> "critical ■ 2ztan1c
For the multilayer case, the intercept time increases with depth.
The refracted wave spends some of its travel time in the faster
lower medium (Fig. 5a), and as X increases it eventually overtakes the
direct wave (Xcrossover). At Xcrossover, ^ = Jy
The reflected wave is preferred for this study, as it samples the
whole crust (Fig. 5a) and travels shorter distances than the refracted
wave. With longer distances, more assumptions must be made about the
uniformity of the crustal structure, which may not apply. Typical
values for the crust and mantle are:
V^ = 6 to 7 km/sec
V2 = 8 km/sec
z = 33 to 45 km
"critical ' 70 *• 10° kra





Quarry blasts in the Alabama Southern Appalachians were detected
by the Geological Survey of Alabama-Georgia Tech (GSA-GT) network from
November 1982 to April 1984. The network consists of seven vertical
component seismometers (Appendix A, Fig. 2). Incoming analog signals
from the seismometers are relayed by frequency modulation (FM) carrier
via phone lines to the Georgia Tech laboratory. There, the signals are
demodulated and recorded on drums revolving with a speed of 1 mm/sec.
Thus, on the seismograms 60 mm corresponds to 1 minute. There is a
single time clock monitoring all drums, which makes the timing on all
seismograms consistent and reliable. Some records are converted from
analog to digital form by electronic sampling of the waveform. The
scale on the digital seismograms is typically 8.9 mm/sec. On both
scales, smaller ticks are second marks (Appendix B). In general, the
digital records were easier to read because of their expanded scales.
However, this proved to be a disadvantage when trying to pick the re
flected phases as the expanded waveforms of the digital seismograms
reduced the relative jump in amplitude of the incoming reflection over
the direct arrivals.
The seismograms were examined for "good" blasts. "Good" refers
to blasts strong enough to be recorded on at least three stations, but
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preferably on more, and blasts the right distance away to pick up a
strong reflection. The blasts were distinguished from natural earth
quakes by the times they occurred, the location of the event, and the
character of the seismogram as compared to other blasts from the same
quarry. Typical origin times ranged from 14 hours 30 minutes to 22
hours 30 minutes Universal Time (Table 1), which corresponds to 9:30
a.m. to 5:30 p.m. in Alabama; a normal eight-hour working day. Geo
graphic maps of the area often identify quarry sites (by the hammer and
pick-axe symbol) and locations of events were compared to these. The
most popular sites were Jasper (34.0° latitude; 87.4° longitude) and
Birmingham (33.5°; 87.0°), the latter being the site of interstate
highway construction, while the former contains the Alabama coal mines.
As seen in Fig. 2 these sites are in the center of the Alabama network
so locations of the blasts were generally thought to be good. The error
ellipses were usually no larger than eight square kilometers. Many were
located to within less than two square kilometers (see section 2 of this
chapter).
Another necessary but not sufficient indicator of an event being
a blast was the nature of the first motion data. Normally, blasts
exhibit congressional or upward first motions (Fig. 6), whereas first
motions of natural earthquakes could be either upward or downward
(tensional).
The seismograms chosen were also inspected for reflections or
second arrivals, which appeared as a sharp increase in the amplitude of
the P-phase approximately two seconds after the first arrival and before
Date
Table 1. Locations of Events from DOALL Program.
Location




1 Nov. 19, 1982
2 Feb. 29, 1984
h3 Feb. 22, 1984
20:58:21.48 Bessemer
15:48:25.34 Bessemer
33.5821 87.0401 HGA, MLA, TSA, 8.3691
TDA
33.5566 86.9606 OCA, HGA, HVA, 3.4007
MLA, TSA
22:35:32.73 Pell City 34.0912 86.2619 OCA, HGA, HVA, 8.6510
MLA, BKA, TSA
+4 Feb. 24, 1984 14:34:34.07 Jasper
5 March 30, 1984 19:58:34.84 Jasper
33.8151 87.4164 MLA, BKA, TSA 8.3684
6 March 7, 1984
7 Feb. 28, 1984
8 Feb. 25, 1984
9 Feb. 9, 1984
10 Feb. 23, 1984
11 Feb. 23, 1984
12 April 4, 1984
h13 May 28, 1984
14 June 1, 1984
33.8262 87.3939 MLA, BKA, TSA, 2.2701
*CDG










33.8061 87.3549 MLA, BKA, OCA, 1.8013
HVA
33.8430 87.3871 OCA, MLA, HGA, 7.9314
HVA
33.8076 87.3871 OCA, HGA, MLA, 6.5075
HVA
33.7643 87.3526 MLA, BKA, OCA, 1.8811
HGA, HVA
33.7602 87.3716 OCA, HGA, MLA, 0.9625
HVA
33.8259 87.2425 TSA, MLA, BKA 9.2156
33.8273 87.4010 HVA, BKA, TSA 0.4201
33.8421 87.4317 HBA, BKA, TSA 6.1310
Digital Seismograms Used




Fig. 6. a) Indicates Compressional (P) upward first motion,
b) Indicates Tensional (P) downward first motion.
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the arrival of the S-phase. Of the 14 events recorded at a total of 53
stations, only 13 stations showed reflections that were prominent enough
to be used in the travel time plots (Tables 2 and 3; Figs. 7 and 8).
The distances of the stations from the blast ranged from 70 to 130 km
and reflection times were from 13.4 to 23.7 seconds.
2. Calculations
The DOALL location program (Appendix B) required the following
input data: approximate epicenter and origin time, station name, phase
name (e.g., crustal P (P ), etc.) of incoming energy and arrival time
after an arbitrary origin (in sees) and an estimate of the error in
volved in picking the arrival time.
The initial estimate of the latitude and longitude of the epi
center was determined from the intersection of the circles, centered at
each station, whose radii represent the distance (X) of the station from
the epicenter. A map similar to Fig. 2 was used to make these
estimates.
To find X for each station the seismograms were examined and eye
ball picks of P and S first arrivals were chosen. The times between
these arrivals (T ) were used in the following equations to give values
of X and origin times.
(12) X = 8.4 Tsp ,
where the value 8.4 gives a standard value for Alabama of the quantity
VgV /(V -Vs). (Vs and V are S and P wave speeds.)
26
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Distance, X (Kilometers)
Fig. 7. Travel time graph.
x S direct arrivals
t P direct arrivals
o P second (reflected) arrivals
Broken straight line is theoretical refracted P wave arrivals,
while broken curve is theoretical reflected P wave hyperbola.
X critical is 86.5 km and X crossover is 167.5 km.
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(^spuooes 2oi
Fig. 8. Graph of T as a function of X for reflected P wave arrivals
Intercept and slope were determined by Method of Least Squares
(Appendix C). Point at 5,000 Km was not included in Best
Straight Line Analysis.
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(13) / ■ AT ,
P
where AT = travel time of P wave from the source. Substituting eq. (12)
into eq. (13):
(14) AT = —-^ .
P
The typical V value for Alabama is 6.1 km/sec. Therefore,
P
(15) AT = 1.37 Tsp .
When AT was subtracted from the P-phase arrival time, the initial origin
time estimate, T ,. was found. These initial estiamtes of position and
T were used in program DOALL.
Table 1 lists the events located by the DOALL program. Tables 2a
and 2b give data used to plot travel-time curves for P and S first
arrivals (Fig. 7).
Next, the seismograms with a prominent reflected P-phase were
picked out and the time of the second arrivals were read. The reflec
tion travel times were determined by subtraction of the origin times and
then squared and plotted as a function of the distance squared (Table 3,
Fig. 8). The travel time versus distance for the reflection P arrivals
was also plotted on Fig. 7.
3. Results and Errors
As suggested by the theory (Chapter III) Fig. 7 yielded two
straight lines. The reciprocals of the slopes gave values for the P
wave and S wave velocities in the crust of 6.08 km/sec and 3.54 km/sec,
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respectively. This figure is low when compared to other DOALL location
figures of 6.15 km/sec by Liow et, a]_. and an average of 6.2 km/sec by
Kean. Both lines exhibit two clusters of points centered at 60 km and
125 km distance from the epicenters. Many of the second arrivals plot
ted on Fig. 7 are associated with the cluster at 125 km and appear to
represent reflections from the Mono. The only second arrival associated
with the first cluster appears to represent another layer in the crust,
perhaps the Conrad discontinuity, which separates the upper silaceous
crust from the more dense, mafic, lower crust.
2 2
Fig. 8 is the graph of T versus X , which is a straight line as
the theory portrays. The line was constructed using the method of least
squares (Appendix C) to calculate the best slope and intercept for the
cluster of eleven points at the-center and the isolated point at 151 km
out. A decision to exclude the other point isolated at 70 km was made
because it fell far off what appeared to be the best straight line (by
eyeball fit) and because in the travel-time graph it stood apart from
all the other points.
The least squares method gave values for the slope (m) and inter
cept (b) of 0.0258+0.003 sec2/km2 and 126.330+49.44 sec , respectively.
The square root of the reciprocal of the slope yielded an average crus-
tal P wave velocity of 6.226+0.362 km/sec while the equation for the
intercept when solved for depth (z) gave the result 34.9875+_8.88 km (see





As implied by the review of previous geophysical work in the
area, the crustal structure is much more complex than that shown by the
simple single layer model depicted in this study. But, the purpose of
this report is to determine the depth to the Moho and the average
crustal velocity, and this was adequately accomplished by the methods
used. The seismic reflection method gives particularly reliable average
velocity figures as the reflected wave samples the entire crust (Fig.
5a). The direct wave samples the topmost part of the crust, while the
refracted ray for the most part travels through the upper mantle (Fig.
5a).
A major component of the path of the reflected ray is in a
vertical direction, as opposed to horizontal for the direct and refrac
ted rays. This allows distances, measured horizontally, traversed by
the reflected rays to be minimized compared to refraction methods. The
use of seismic methods requires that assumptions be made about the
horizontal uniformity of the terrane covered. As distances increase the
reliability of this assumption becomes suspect. Thus, the smaller
distances associated with the reflected ray path improves the
reliability of such assumptions.
In the travel-time graph of Fig. 7 a theoretical line for the
refracted wave (assuming an upper mantle velocity of 8 km/sec) was
inserted. The cross-over distance was found to be 167.5 km, indicating
that all the original P and S first arrivals were indeed direct wave
arrivals and that the original interpretation of the data was justified.
In reflection data strong reflections should appear from the
critical distance outwards. The observation from the final model that
the critical distance was 86.5 km (Fig. 7) promotes the suggestion that
the point 70 km out on the P wave travel time graph was not a reflection
from the Moho and justifies the decision to exclude that point from the
2 2
least squares fit of the T versus X graph (Fig. 8).
The DOALL location program uses the method of least squares to
fit the direct and refracted wave arrival times to an ideal line seg
ment. Therefore, the direct and head wave arrivals are prone to any
errors inherent in the idealized line. Use of the reflection technique
helps to avoid such errors because the reflection travel times are not
used in location work. This factor amplifies the significance of this
work.
In a paper by Pakiser and Robinson/12' Fig. 1 (Fig. 9) shows how
the velocity of P waves in rocks varies with the composition of the
rocks. A velocity of 6.2 km/sec, the calculated velocity in this study,
is typical of granite to granodiorite igneous intermediate composition
rocks. Rocks of the Valley and Ridge Province are dominantly sedimen
tary (shales, sandstones, and carbonates) with few volcanics. Shales
and sandstones have P wave velocities of 3 to 4 km/sec and that of the
carbonates up to 5 km/sec. One explanation of this inconsistency

















































































Fig. 9. Velocity of P waves as a function of rock type (from Pakiser
and Robinson
38
crystalline Grenville basement which is thought to underlie the sedi
ments of the Valley and Ridge at depths of a few kilometers. The
velocity found is reasonable for the highly metamorphosed Grenville
rocks.
This average crustal velocity (6.226 km/sec) is in close agree
ment with that determined by Llow et a]..,' ' 6.15 km/sec; Kean/ ' Kean
and Long/ ' Lee/ ' and Pakiser and Zeitz. The velocity of Healy and
Warren^ ' was substantially higher (6.5 km/sec). The depth to the Moho
(34.98 km) corresponds well with the findings of Liow et_al_., 35 km;
Kean and Long, 33 km; and Lee, 35 km. Pakiser and Robinson^ ' esti
mated the average continental crust to be 41 km thick with thicknesses
up to 44 km in the East. James and Steinhart^ ' also support a 40 km
(14)
crust, as do Healy and Warren and McConnel et. £l_.
The results of this work agree with Model 2 (Fig. 4b) as sug
gested by the literature, of a thin, low velocity crust. There is





From a study of P waves reflected off the Moho, the thickness of
the crust in the Valley and Ridge Province in northern Alabama was found
to be 34.99+8.88 km with an average velocity of 6.226+0.362 km/sec.
These results were in good agreement with recent works by Liow et a!.,
Kean and Long, and Lee. Older results of Pakiser and Zietz and Healy
and Warren are in disagreement. They predict crustal thicknesses in
excess of 40 km. The average velocity found in this study is consistent
with rock types in the Grenville basement below the Paleozoic Valley and
Ridge sediments.
It would be desirable to obtain more reflections better dis
tributed in distance. With such data, the presence or absence of
layering in the crust (such as the Conrad discontinuity) could be
examined. A full range of digital recordings at all distances would be
helpful. Artificial sources of known position and origin time would
improve the accuracy of the results.
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APPENDIX A




































+ CDG is part of the Georgia network and not the Alabama network.




Data input for sample DOALL program:
1. Estimated origin time in hours, minutes, and seconds,
Universal Time, estimated latitude and longitude of event,
date of the event.
2. Town and state where event occurred.
3. Magnitude of event (for blast this is zero).
4. Number of entries (i.e., number of stations recording the
event), phase of wave (P or S) observed, station name (e.g.,
BKA, MLA), time in seconds of phase arrival after estimated
origin time, estimation of absolute error in time of phase P
arrival.
DOALL output:
1. Date event occurred.
2. Calculated origin time in Universal Time.
3. Town and state where event occurred as given above.
4. Magnitude of the event.
5. Location in latitude and longitude with error analysis.
6. For each station and each phase DOALL lists the arrival time,
the epicentral distance, the error estimated, the actual
error, and the azimuth of the ray path.
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7. DOALL also gives dimension of the ellipse of possible error
associated with the location of the event.
A sample of the DOALL Location Program showing the input and
output is shown on the next page. On the following two pages Fig. Bl





OPTION 13 WILL PRINT OPTION LIST
READ NN
? 1








15 42 .463600E+02 .565666E+05 3
READ N.IPH.ID.SEC.SI










CHOOSE NFLAG: NPLAG—1 ABORT; »0 CORRECT DATA* -1 PRINT DATA! =-2 LOCATE ? 2
ESTIMATED EPICENTER





NITER TESTC HOUR MIN SEC
15 4.2190 15 42 45.95
14 .0335 IS 42 45.93
LATITUDE LONGITUDE DEPTH SECERR
33.8063 87.3551 0.000 64.00000
33.8061 87.3349 0.000 32.00000
DO IT AGAIN AND I
IT CONVERGED
M GOING HOME
LOCATED ON: 84/04/23. 14.25.48.
the event occured on feb 28. 1984




ux> 1.000 uy" 1.000 uz- 0.000 ut- 1.000
it uas located at
latitude 33.8061 +/- .725 km. (33d.48.36m)
longitude 87.3549 +/- .823 km. <87d>21.29m)
































ERROR ELLIPSE IS AS FOLLOWS:
SEMIHINOR AXIS LENGTH =
SEMIMAJOR AXIS LENGTH =■















































































Fig. Bl. Example of Analog Trace of Two Blasts.





First sacond mark is: 22:33:29 DAY 33, 1984.




The method of least squares is a standard statistical method of
obtaining the best straight line through a set of points on a graph. It
uses the principle of least squares which states that the most probable
value of any observed quantity is such that the sum of the squares of
the deviations of the observations from this value is a minimum.
(1)
The deviation of the ith point is,
d.. = Y.j - (mx.. + c) since Y = mx + c
The value of the function is given by
(2) f(m,c) = dj + dg + ... + djj
By differentiating the function with respect to m and c and equating the










































S.E. in c **
1/2
where
(8) D' = z(X. -
Reading values from Table C-l:
D =
192.28 x 12
3,150.96 x 10° 192.28 x 10v





































































































































































1,054.744 x 105 192.28 x 103
-839.81 x 10c
m =




192.28 x 10* 64.70 x
3,150.96 x 105 1,054.744 x 105
-839.81 x 10c
c =
(202,806.176 x 108 - 203,867.112 x 108)
-839.81 x 106
c = 126.330
» /_ 6,514.304 \l/2
- V69.9836 x 10/
= 0.003
S.E. in c =









Thus the slope of Fig. 8 is
0.0258 ± 0.003 sec2/km2
and the intercept of Fig. 8 is
126.330 + 49.44 sec2
From the equation of the straight line
(9) m= 4
.-. V2 - I - 38.7597 km2/sec2
i m
.'. Vj = 6.226 km/sec .
The error in \^ is given by the formula:
(10) Su ■ Jl * Sx + J£ ' *y +|f- 5z for u = f(x.y.z)




.'. Vx = 6.226 +0.362 km/sec.
The percentage error in V^ is 5.8 percent.
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2 126.330 x 38.7597
z ?
1224.128 km2
.*. z = 34.9875 km .
Using eq. (10) to find the error in z we get:
1/2
S.E. in z = 1/4 V, (S-EV" c) + K— (S.E. in
1/2
6.226 x 49.44 + (126.33) ' x 0.362
4(126.33)1/Z ^
= 6.84659 + 2.0344
= 8.88097
.*. z = 34.9875 + 8.88097 km .
The percentage error in z is 25.4 percent.
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